ABSTRACT This paper presents Spitzer-IRS λ/∆λ ∼ 600 spectroscopy of the CO 2 15.2 µm bending mode toward a sample of 50 embedded low-mass stars in nearby star-forming clouds, taken mostly from the "Cores to Disks (c2d)" Legacy program. The average abundance of solid CO 2 relative to water in low-mass protostellar envelopes is 0.32 ± 0.02, significantly higher than that found in quiescent molecular clouds and in massive star forming regions. It is found that a decomposition of all the observed CO 2 bending mode profiles requires a minimum of five unique components. In general, roughly 2/3 of the CO 2 ice is found in a water-rich environment, while most of the remaining 1/3 is found in a CO environment with strongly varying relative concentrations of CO 2 to CO along each line of sight. Ground-based observations of solid CO toward a large subset of the c2d sample are used to further constrain the CO 2 :CO component and suggest a model in which low-density clouds form the CO 2 :H 2 O component and higher density clouds form the CO 2 :CO ice during and after the freeze-out of gas-phase CO. The abundance of the CO 2 :CO component is consistent with cosmic ray processing of the CO-rich part of the ice mantles, although a more quiescent formation mechanism is not ruled out. It is suggested that the subsequent evolution of the CO 2 and CO profiles toward low-mass protostars, in particular the appearance of the splitting of the CO 2 bending mode due to pure, crystalline CO 2 , is first caused by distillation of the CO 2 :CO component through evaporation of CO due to thermal processing to ∼ 20 − 30 K in the inner regions of infalling envelopes. The formation of pure CO 2 via segregation from the H 2 O rich mantle may contribute to the band splitting at higher levels of thermal processing ( 50 K), but is harder to reconcile with the physical structure of protostellar envelopes around low-luminosity objects.
INTRODUCTION
Although CO 2 is not an abundant gas-phase molecule in molecular clouds, it is one of a small number of molecular species consistently found in very high abundances inside ice mantles on dust grains (> 10 −5 with respect to H 2 Gerakines et al. 1999; Whittet et al. 2007 ). The generally high abundance of solid CO 2 became apparent with the spectroscopic surveys conducted with the Infrared Space Observatory (ISO) Nummelin et al. 2001) . Other species known to belong to this class of very abundant molecules are CO and H 2 O. In less than 10% of dark cloud regions surveyed, methanol (CH 3 OH) is also found with similar abundances (Pontoppidan et al. 2003a; Boogert et al. 2007 ). Depending on the density and temperature of a cloud, the CO is found partly in the gas-phase and partly frozen onto grain surfaces, while the CO 2 and H 2 O are completely frozen as ice mantles (Bergin et al. 1995) , except in very hot or shocked regions (Boonman et al. 2003; Nomura & Millar 2004; Lahuis et al. 2007 ). The system of CO, CO 2 , H 2 O and, under some conditions, CH 3 OH therefore represents the bulk of solid state volatiles in dense star forming clouds, and interactions between these four species can be expected to account for most of the solid state observables. Other species with abundances of less than 5% relative to water, such as CH 4 , NH 3 , OCN − , HCOOH and OCS will be good tracers of chemistry and their local molecular environment, but are unlikely to strongly affect the molecular environments, and therefore the band profiles, of the four major species.
The formation mechanism of solid CO 2 in the cold interstellar medium is still not understood, although a number of plausible scenarios have been proposed. Since the direct surface route, CO + O → CO 2 , is thought to possess a significant activation barrier, it was initially suggested that strong UV irradiation was needed to produce the observed CO 2 ice (d 'Hendecourt et al. 1985) . Laboratory simulations of interstellar ice mixtures of H 2 O and CO confirmed that CO 2 is indeed readily formed during strong UV photolysis (d 'Hendecourt et al. 1986) , and initial detection of abundant CO 2 ice around UV-luminous massive young stars seemed to confirm this picture. However, recent detections of similar abundances of CO 2 in dark clouds observed along lines of sight toward background stars, far away from any ionizing source (Bergin et al. 2005; Knez et al. 2005; Whittet et al. 2007 ), argue against a UV irradiation route to CO 2 , at least through enhanced UV from nearby protostars. Pontoppidan (2006) showed evidence for an increasing abundance of CO 2 ice with gas density in at least one low-mass star forming core. Furthermore, the original premise of a barrier to oxygenation of CO is now in doubt (Roser et al. 2001) . Consequently, both theoretical and laboratory efforts to understand the formation of CO 2 are still very active.
Extensive surveys of the 3.1 and 4.67 µm stretching mode of H 2 O and CO ices have been carried out in a range of different star-forming environments (Whittet et al. 1988; Chiar et al. 1995; Pontoppidan et al. 2003b ). However, CO 2 can only be observed from space, and surveys have until recently been limited to a small sample of very luminous young stars . While the 4.27 µm stretching mode of CO 2 was detected toward a few background field stars by ISO (Whittet et al. 1998; Nummelin et al. 2001) , recent Spitzer observations of the 15.2 µm bending mode of CO 2 have extended the sample of CO 2 along quiescent lines of sight considerably (Knez et al. 2005; Bergin et al. 2005; Whittet et al. 2007) .
The profiles of the CO 2 ice bands observed in quiescent regions and along lines of sight toward luminous protostars show intriguing differences. In particular, ice in massive star-forming regions, which presumably traces more processed material, tends to show a splitting of the 15.2 µm bending mode. This splitting has been identified as a general property of crystalline pure CO 2 and is readily reproduced in laboratory simulations of interstellar ices (e.g. Ehrenfreund et al. 1997; van Broekhuizen et al. 2006) . It seems implausible that this pure CO 2 layer would form directly through gasphase deposition and subsequent surface reactions, and it has been suggested that the CO 2 segregates from a CO 2 :H 2 O:CH 3 OH=1:1:1 mixture upon strong heating . Annealing in a laboratory setting produces the same effect (Ehrenfreund et al. 1997) , and strong heating is not unreasonable in the envelopes of massive young stars with luminosities in excess of 10 3 L ⊙ . In this paper, a survey of the 15.2 µm CO 2 bending mode toward ∼50 young low mass stars using the high resolution mode of the Infrared Spectrograph on board the Spitzer Space Telescope (Spitzer-IRS) is presented. The sample stars have typical luminosities in the range 0.1−10 L ⊙ , thus bridging the observational gap between the background stars and the massive protostars from the ISO sample. The Spitzer spectra are complemented by ground-based observations of H 2 O and CO ices, where available, as well as the archival spectra from the Infrared Space Observatory used in Gerakines et al. (1999) . While this paper concentrates on the region around 15 µm, Boogert et al. (2007) discusses the ices causing the 5-8 µm absorption complex (henceforth referred to as Paper I). The 7.7 µm CH 4 and 9.0 µm NH 3 bands are described in two separate papers (Öberg et al. 2008, submitted and Bottinelli et al., in prep, respectively) .
The central questions that are addressed using the new Spitzer spectra of the CO 2 bending mode are:
• What are the differences, if any, between CO 2 ice in massive and low-mass star-forming environments?
• What is the average abundance of CO 2 in low-mass protostellar envelopes compared to lower density quiescent clouds?
• In which molecular environments can solid CO 2 be found, and what are their relative abundances?
• Which process forms CO 2 in CO-dominated environments when the CO accretes from the gas-phase at high densities?
• How does the component of pure CO 2 (as measured by the well-known splitting of the bending mode) form in low-mass protostellar envelopes?
• What is the evolution of the CO 2 ice and what does it tell us about protostellar evolution?
THE INFRARED BANDS OF SOLID CO 2
The infrared vibrational modes of CO 2 are known to be very sensitive to the molecular environment. Observations of the band profiles can determine whether the CO 2 molecules are embedded with water, CO and other CO 2 molecules. Solid CO 2 has two strong vibrational modes; the asymmetric stretching mode centered on 4.27 µm, and the bending mode at 15.2 µm. The stretching mode is so strong that it is typically saturated along lines of sight through protostellar envelopes, and its 13 CO 2 counterpart at 4.38 µm is often used for profile analysis instead. However, neither stretching modes are covered by the spectral range of Spitzer-IRS.
Fortunately, the CO 2 bending mode is an excellent diagnostic of molecular environments. For instance, pure CO 2 will typically produce a split band in the bending mode due to Davydov splitting -a long range interaction in crystalline materials. Conversely, CO 2 embedded in a hydrogen-bonding matrix will produce a broad, smooth profile. While these differences are relatively well known, it is noted that the different formation scenarios from gas-grain chemical models make distinct predictions for the molecular environment of the CO 2 . Thus models favoring a formation route via OH predict that the CO 2 will be found in a water-dominated matrix.
Indeed, observations of the CO 2 stretching and bending modes toward young massive stars with ISO have shown that the CO 2 ice is dominated by a band consistent with CO 2 in a hydrogenbonding environment. They also found that a doublepeaked component, consistent with a relatively pure, crystalline CO 2 is generally present at a lower level toward their sample of massive stars.
OBSERVATIONS
The spectra of the 15.2 µm CO 2 bending mode have been obtained using the short-high (SH) module of Spitzer-IRS, with a spectral resolving power of λ/∆λ ∼ 600, covering 10-19.5 µm, corresponding to 1 cm −1 . The Spitzer spectra were obtained as part of the "Cores to Disks" Legacy program (PID 172, 179) as well as a few archival spectra observed as part of the GTO programs (PID 2). All SH spectra from the c2d database that show clear detections of the CO 2 bending mode have been included. The spectra have been reduced using the c2d pipeline from basic calibrated data (BCD) products version S13.0.2. For each spectrum, clearly deviant points were removed and individual orders were scaled by small factors to align the overlapping regions between orders. The overlapping regions between these two orders usually match very well, which lends support to the reality of small features in the spectra for most sources. A small number of sources show evidence for absorption by the Qbranch of gas-phase CO 2 at 15.0 micron. Since this survey is concerned with solid CO 2 , pixels affected by gasphase absorption have been removed from the fits of IRS 46, WL 12 and DG Tau B. Some of the most embedded sources have saturated or nearly saturated bending mode bands. For these sources, special care has to be taken to ensure that the background level is well-determined.
In addition to the Spitzer data, the five highest-quality spectra of massive YSOs observed with the ISO-SWS ) have been included. The ISO spectra provide a useful comparison of the structure of CO 2 ices in the warmer, more energetic envelopes of young massive stars to the comparatively quiescent envelopes of low-mass YSOs.
Finally, to study the relation of the CO 2 ices with CO and water, ground-based spectra of the 4.67 µm stretching mode of solid CO and the 3.08 µm stretching mode of water ice have been collected using the Infrared Spectrometer and Array Camera (ISAAC) on the Very Large Telescope (VLT)
7 . Most of the 4.67 µm VLT-ISAAC spectra are published in Pontoppidan et al. (2003b) , but a significant fraction are previously unpublished spectra obtained with NIRSPEC at the Keck Telescope. Sources with no CO ice data are typically too faint for useful ground-based 4.67 µm spectroscopy. The column densities of water ice are derived using the 3.08 µm groundbased spectra or taken from Paper I. The data set is summarized in Table 1 . The new observations of the CO ice bands not covered in Pontoppidan et al. (2003b) are summarized in Table 2 .
PROFILE DECOMPOSITION

Continuum determination
To directly compare with dust models, the spectra of ice absorption bands have to be converted to an optical depth scale. This requires that an appropriate continuum be defined, a process somewhat complicated for CO 2 by the location of the bending mode on the blue side of the broad silicate bending mode and on the red side of the H 2 O libration band. Unfortunately, not knowing the shape of the underlying continuum, this is a problem with no unique solution. In this work, continua for each spectrum are constructed by fitting a third-order polynomial to the spectral ranges: 13 µm -14.7 µm and 18.2 µm -19.5 µm. The shape of the blue wing of the silicate bending mode is simulated by a Gaussian in frequency space with center at 608 cm −1 and a FWHM of 73 cm −1 . The aim is to construct a shape of the continuum that has a negative second derivative under the CO 2 band. The same procedure has been used for all the Spitzer spectra, and the resulting continua are shown for each spectrum in Figures 4 through 16. around young low-mass have shown that the ices are dominated by H 2 O, CO and CO 2 , so this study concentrates on systems involving these three species. In some regions of low-mass star formation, CH 3 OH is found in large amounts (up to 25% relative to H 2 O), but this seems to affect only a small subset of the sample presented here.
The available laboratory spectra are divided into CO 2 :H 2 O mixtures and CO 2 :CO mixtures, each set with distinct characteristics. As in the case of all solid state features due to abundant molecules, the band shapes can be strongly modified by surface modes, depending on the shape distribution of the dust grains (Tielens et al. 1991) . Astronomical spectra can therefore not be directly compared to absorbance laboratory spectra. Rather, complex refractive indices must be combined with a dust model to calculate opacities relevant for the small irregular dust grains of the interstellar medium. This study is consequently restricted to laboratory experiments for which optical constants have been calculated. Ehrenfreund et al. (1997) ; Dartois et al. (1999) More recently, a number of detailed studies of relevant CO 2 -rich ices were performed by van Broekhuizen et al. (2006 van Broekhuizen et al. ( ) andÖberg et al. (2007a , also under HV conditions. While these studies do not provide optical constants directly, they do report absorbance spectra as well as approximate ice thicknesses, making it possible to derive optical constants using the Kramers-Kronig relations.
For the H 2 O-rich ices, the CO 2 :H 2 O=14:100 mixture at 10 K from Ehrenfreund et al. (1997) was chosen. The CO-rich ices show a CO 2 bending model profile that is dependent on the mixing ratio. A function is therefore constructed that returns an ice spectrum for any relative concentration between CO 2 :CO=1:4 and CO 2 :CO=1:1 by interpolating between the available 10 K laboratory spectra within this range. At very low concentrations of CO 2 relative to CO (CO 2 :CO<1:10), the bending mode becomes quite narrow, and the shape becomes independent of concentration. At very high concentrations of CO 2 , the bending mode exhibits the well-known split, characteristic of a crystalline structure of the ice. The peaks are very narrow -of order 1 cm −1 , and so the higher resolution data from van Broekhuizen et al. (2006) are used for pure CO 2 ice. This spectrum, however, suffers from a misalignment in the spectrometer optics at 0.5 cm −1 resolution so that the bending mode is too weak by a factor of 3 relative to the stretching mode and the noise is relatively high. As a result, it was necessary to scale the absorbance of the bending mode to fit with the band strength of 1.1 × 10 −17 cm −1 reported by Gerakines et al. (1995) before calculating the corresponding set of optical constants. The noise in the spectrum is reduced by fitting a number of Gaussians, rather than smoothing it, which would reduce the resolution. Because all the laboratory spectra used were obtained under high-vacuum conditions, they may be contaminated by H 2 O.
At 15 µm the dust grains are most likely well into the Rayleigh limit of 2πa ≪ 15 µm, where a is the radius of Pontoppidan et al. (2003b) .
b Adopted conversion to column density: N CO:H 2 O = 16.0 cm −1 τ CO:H 2 O A −1 , where A = 1.1 10 −17 cm molecule −1 is the CO band strength. c Adopted conversion to column density, using a continuous distribution of ellipsoids (CDE) : the largest grains. This means that scattering of light out of the line of sight is unimportant, and the opacities can be treated as pure absorption coefficients. A continuous distribution of ellipsoids (CDE) is used to convert the optical constants to opacities. This is a convenient method of simulating the effect of irregularly shaped grains, found to work well for ice bands in the Rayleigh limit and it has been used successfully for solid CO (Pontoppidan et al. 2003b ) and CO 2 . Figure 1 illustrates the process of converting the absorbance spectrum of pure CO 2 into an opacity that can be used for comparing with the Spitzer spectra. The laboratory spectra are summarized in Table 3 .
Component analysis
The strategy adopted here for analyzing the general shape of the CO 2 ice bending mode in low-mass young (2006) stellar envelopes is to determine the minimum number of unique components required to fit all the observed bands. In this context, a unique component is a band that only changes its relative depth, but not its shape from source to source. This approach was used in Pontoppidan et al. (2003b) to determine that only three unique components could be used to fit the 4.67 µm stretching mode of solid CO, and is also used in Paper I to decompose the 5-8 µm complex. The three unique CO components were 1) A broad, red-shifted component associated with CO in a water-rich mantle, 2) a component indistinguishable from pure CO and 3) a narrow, blue-shifted component due to either CO in a CO 2 environment, or CO in a crystalline form. The three CO components were named "red", "middle" and "blue", and is seen below, the "red" and "blue" components have counterparts in the CO 2 bending modes. Note that the "red" and "middle" components are also often referred to in the literature as "polar" and "nonpolar", respectively. The bending mode of CO 2 probes ice structures that are somewhat more complicated than those probed by CO. While most of the CO ice desorbs efficiently at temperatures higher than 20 K, the less volatile CO 2 ice goes through several additional structural changes. The most characteristic is the appearance of the double peak seen in pure CO 2 (see In order to empirically derive the shape of the components of the CO 2 bending mode, pairs of spectra are subtracted. If the spectra are superpositions of a small number of components with varying relative contributions, it will be possible to isolate each component. The three dominant components determined this way are shown in Figure 2 where they are compared to laboratory simulations.
Consequently, it is found that the minimum number of unique components required to fit all the observed CO 2 bending mode profiles is five:
• An H 2 O rich component, modeled with a laboratory spectrum with a concentration of CO 2 :H 2 O=14:100. This is required to fit the red wing of almost all the observed bands. This is referred to as the "red" component.
• A component with a roughly equal mixture of CO 2 and CO. Strictly speaking, this is not constructed as a unique component since the CO 2 :CO mixing ratio is included as a free parameter. This is required because the empirical profiles of the blue component, one of which is shown in Figure 2 , have varying widths. This behavior can be reproduced by varying the concentration of CO 2 in CO. While the band profiles are only available for a set of discrete mixing ratios, profiles are constructed with arbitrary mixing ratios by linearly interpolating the available laboratory profiles at each frequency point. In effect, this allows a measurement of the CO 2 :CO mixing ratio for each observed CO 2 bending mode. This is referred to as the "blue" component.
• A component in which CO 2 is very dilute in an otherwise pure CO ice. This is a very narrow component centered on 15.15 µm (660 cm −1 ). In practice, this band is modeled by a CO 2 :CO=4:100 laboratory spectrum. Note that at such high dilution, the shape of the band is not sensitive to the exact mixing ratio.
• A component of pure CO 2 , producing the characteristic double-peaked structure often seen in protostellar sources.
• An additional, relatively narrow component on the red side of the main band. This component is unambiguously identified in only a few sources, most of them the massive young stars included from the ISO sample. The component has in the past been identified as an interaction with CH 3 OH in strongly annealed ices with the mixing ratio H 2 O:CO 2 :CH 3 OH=1:1:1 ).
Since there is no laboratory spectrum of the shoulder in isolation, the component is modeled empirically using a superposition of two Gaussians:
where τ 0 is a scale factor.
The "red" and "blue" components generally dominate the bending mode profiles, and the total CO 2 abundance. The remaining three components represent subtle differences due to trace constituents. It is stressed that all the components correspond to distinct and plausible molecular environments. The relative contributions to three typical CO 2 bending mode profiles are sketched in Figure 3 .
A non-linear least squares fitting routine from the IDL library of C. Markwardt 8 is used to find the best fit to each bending mode spectrum. Since three of the five components used to interpret the CO 2 spectrum include CO, each fit in part predicts a corresponding CO stretching mode spectrum. This information is used to construct a model CO ice spectrum that can be compared directly with the observed 4.67 µm CO bands. The model CO profiles are therefore only fitted to the CO 2 bending mode profiles and are plotted on the observed CO profiles for comparison only. In summary, each 15.2 µm CO 2 bending mode is fitted with a function with 6 free parameters; the depth of the 5 components and the mixing ratio of CO 2 to CO for the blue component. The spectra and best fits are shown in Figures 4 to 18, along with the CO stretching mode bands, where available. The CO 2 column densities are given in Table 4 .
It is found that the "blue" CO stretching mode band corresponding to the "blue" CO 2 :CO mixture was in general much too deep to fit the observed CO bands and it has consequently been reduced by a factor of 3 relative to the CO 2 bending mode in the comparison plots for all the sources. This discrepancy is discussed in Section 5.3. In this paper, the same band strength −17 cm molecule −1 is used for every component of CO 2 . Note that while Gerakines et al. (1995) measure a larger band strength for the CO 2 bending mode in a water-rich environment of 1.5×10
−17 cm molecule −1 , they also state that a large uncertainty is associated with this measurement. The effect of using this band strength for CO 2 in a water-rich mixture would be to decrease the CO 2 column density of the red component by 36%.
RELATIONS OF THE CO 2 COMPONENTS
5.1. The abundance of CO 2 ice in low-mass YSO envelopes The relation between the observed H 2 O ice column densities and the total CO 2 ice column densities are shown in Figure 19 . Because it is difficult to measure the column density of H 2 gas along the line of sight, this is the relation typically used to define ice abundance of a given solid-state species as a number fraction relative to water ice. The CO 2 ice abundance is remarkably constant, but does exhibit a scatter that is much larger than the uncertainties. A linear fit to the low-mass stars reveals a number ratio of CO 2 to H 2 O to be 0.32 ± 0.02, with a Pearson correlation coefficient of 96%. There is, however, a significant scatter in the relation, and a number of our sources show abundances between 0.2 and 0.3, relative to H 2 O. The relation exhibits a slight tendency for higher CO 2 abundances at higher H 2 O column densities.
The CO 2 abundance derived here can be compared with that of 0.17 for the ISO sample of massive YSOs ) and 0.18±0.04 for quiescent clouds as observed toward background stars (Whittet et al. 2007 ). Both these samples have been included in Figure 19 . The points associated with the massive YSOs thus indicate a significantly lower CO 2 abundance. Inspection of the figure also reveals that the background stars generally probe lower column densities than the YSOs. For these low column densities, the difference between the YSOs and the background stars is less significant. However, at water ice column densities higher than ∼ 2 × 10 18 cm −2 , the difference in CO 2 abundance between background stars at low A V and low-mass YSOs is highly significant. This sudden change in the relation may represent the activation of a new formation route to CO 2 in addition to that forming the H 2 O:CO 2 mantle at lower A V . An increase of CO 2 abundance in denser regions of a single cloud core was observed by Pontoppidan (2006) , and was also discussed for the background stars in Whittet et al. (2007) , based on a single star at high A V .
5.2. The CO 2 :H 2 O system The CO 2 :H 2 O component dominates every CO 2 bending mode band, and the abundance variation of this component, or lack thereof, therefore mimics that of the total CO 2 band discussed in section 5.1. In the following, "abundance" refers to an observed column density ratio averaged over the line of sight, while "concentration" is the local point number density of a species relative to the total number density of molecules in an ice film. The abundance of this component varies between 0.1 and 0.3 relative to water, with a median value around 0.2. If the concentration equals the abundance, the relevant mixing ratio for a laboratory analog is CO 2 :H 2 O=1:(5 +5 −2 ). The observed abundances of the CO 2 :H 2 O component are shown in Figure 20 as a function of the corresponding CO:H 2 O component of the CO stretching mode.
The general value of this parameter is of some importance. Öberg et al. (2007a) showed that the band strengths of the various H 2 O modes are very sensitive to the CO 2 concentration, and they suggested that this may be an explanation for the discrepancy in observed band depths between the H 2 O stretching and bending modes. The observed abundances of the CO 2 :H 2 O component suggest that the influence of CO 2 may explain a part of the H 2 O bending/stretching mode discrepancy. This is discussed in greater detail in Paper I. b All uncertainties are statistical, and do not include systematic uncertainties from e.g. the continuum determination.
c For consistency, the new water ice column densities from Paper I are used, where available. They are generally consistent with the few published values measured on the same, or similar, data sets, but with a few values differing by 15-20%.
Fig. 4.-Left panels:
Continuum determinations for the SH spectra. The dashed curves are low-order polynomial fits, while the solid curves are the fits with a Gaussian included to simulate the blue wing of the 18 µm silicate bending mode. Middle panels: Component fits of the CO 2 bending mode profiles. Right panels: The CO stretching mode profiles predicted by the fit to the CO 2 bending mode (where available). The components are discussed in Section 4.3. The shaded areas indicate the profiles allowed by the uncertainties in the fit to the CO 2 bending modes. 5.3. The CO 2 :CO system 5.3.1. The "blue" component The component fit indicates that the CO 2 :CO system forms a component separate from the CO 2 mixed with water. The evidence is the higher abundance of the CO dominated component in dense, cold cloud regions as discussed in Pontoppidan (2006) , and as suggested by the offset of low-mass protostellar envelopes relative to background stars and massive YSOs in Figure 19 , as well as the match of the profile of this blue CO 2 component with laboratory simulations of CO 2 :CO mixtures. An important parameter to determine is the concentration of CO 2 relative to CO in this component. There are at least two ways of doing this. First, the concentration can be directly determined by comparing the observed strength of the blue CO 2 component with the corresponding blue component of CO observed as part of the CO stretching mode band. Second, it can be indirectly inferred by the profile of the CO 2 :CO component of the CO 2 bending mode, since this is sensitive to the concentration.
The column density ratios of the CO 2 and CO "blue" are illustrated in Figure 21 . These components exhibit a fairly strong correlation with a Pearson correlation coefficient of 0.70 and a slope of N (blue CO 2 )/N (blue CO) = 2.5 ± 0.2, assuming a width of 3 cm −1 for the blue CO component as empirically determined in Pontoppidan et al. (2003b) . The laboratory spectra of the CO stretching mode of CO 2 :CO mixtures are about twice as wide. Using the laboratory spectra instead to calculate the column densities of the "blue" CO component would decrease this ratio to 1.25±0.1.
Conversely, Figure 22 illustrates the indirect method of determining the concentration of CO 2 in CO from the profile of the "blue" CO 2 component. The figure shows the distribution of CO 2 :CO mixing ratios as determined by the component fit. It is seen that the mixing ratios are remarkably similar for most of the observed spectra, which is also indicated by the direct correlation seen in Figure 21 . However, the median concentration determined using this method is N (blue CO 2 )/N (blue CO) = 0.55±0.2, or a factor of 2-5 smaller than that determined using the directly measured column densities.
It is probably reasonable to assume that the direct method provides a better estimate of the concentration since the indirect method relies on an uncertain calibration of a set of laboratory experiments. However, it should be noted that the band strengths of both CO 2 and CO may depend on concentration, which is an effect that is ignored here by assuming that the band strengths are constant. Variable band strengths may affect the direct method. Clearly, well-calibrated laboratory experiments are needed to resolve the issue. For this study, the "blue" CO components, as determined by the profile of the blue CO 2 band, are divided by a factor 3 to better match the CO bands, as dictated by the direct concentration measurement. Note that Pontoppidan et al. (2003b) in their study of the CO stretching vibration band at 4.67 µm found that the available laboratory spectra of CO 2 :CO mixtures were generally much too wide to reproduce the blue wing of the CO bands, as confirmed by van Broekhuizen et al. (2006) , which led them to consider alternatives to explain the "blue" component of the CO band. Here it is concluded, based on the clear correlation between the blue CO 2 and CO components, that they indeed represent the same component, but that since their detailed profiles do not fit well to the laboratory analogs, the structure of this component is not yet fully understood. ure 3. The most obvious sources with this property are IRS 51 and CRBR 2422.8-3423, as well as the background star CK 2. The profile of this component corresponds closely to that of a CO 2 ice very dilute in CO with a concentration less than 10%; the profile of the band does not change appreciably at lower concentrations. The "dilute" component typically appears toward sources that also have very large column densities of "pure" CO (the "middle" component of Pontoppidan et al. (2003b) ). The relation between these two components is shown in Figure  23 , where it is seen that typical concentrations of CO 2 in the CO is 1:100-250. This indicates that there are vastly different mixing ratios of CO 2 to CO along each line of sight, possibly even on each grain. 
Relation with CH 3 OH
Because CH 3 OH has been related to the shoulder on the red side of the CO 2 bending mode , it is natural to estimate whether there is a connection with the direct measurement of CH 3 OH abundances from Paper I. The relation, shown in Figure 24 , does not exhibit an obvious relationship between the CO 2 shoulder and the CH 3 OH abundance. This does not necessarily indicate that the shoulder is not related to interactions with CH 3 OH if the concentration of CO 2 in the CH 3 OH varies significantly. Keeping the assumption that the band strength of the CO 2 shoulder is that of pure CO 2 , the abundance CO 2 :CH 3 OH varies between 1:20 and 1:3. It is therefore likely that the CO 2 is highly dilute in the CH 3 OH ice. Some of the IRS spectra do have weak structure in the general wavelength region, but nothing that resembles a consistently recurring absorption band at a single wavelength. It is therefore concluded that there is no obvious evidence for absorption from C 3 O 2 at the 5% level.
5.6. The 17 µm feature Some spectra show a clear excess absorption feature centered on 17 µm, most notably toward IRS 42, EC90, VSSG 17 and ISO ChaII 54. The origin of this feature is unclear, and only its observed properties are reported here. It appears that there is some relation between the presence of the feature and sources that show contamination by silicate emission from the central disk. Thus the feature may not be a real absorption signature, but emission from the 18 µm silicate band affecting the continuum determination. However, if real, the feature has a typical width of 35 cm −1 , and optical depths of 0.1, where detected.
ORIGIN AND EVOLUTION OF THE CO 2 COMPONENTS
6.1. Formation routes to CO 2 in the interstellar medium CO 2 ice in protostellar envelopes as observed here is widely believed to be formed by surface reactions as opposed to a gas-phase route followed by freeze-out (Tielens & Hagen 1982) . Pure gas-phase chemical models of typical cold, dark clouds predict CO 2 abundances of 10 −9 relative to H 2 (Bergin et al. 1995) , making it unlikely that there is any contribution from directly from gas-phase chemistry to the observed solid state CO 2 . There is strong observational evidence that CO 2 forms readily in cold quiescent molecular clouds, and it does not appear that "extra" photo-processing of the ice is required, beyond what can be explained by cosmic ray induced UV photons and photons from the interstellar radiation field managing to penetrate to A V s of 3-5 magnitudes (Whittet et al. 1998) . In fact, the relatively constant fraction of CO 2 relative to water ice (15-40%) under a wide range of conditions suggests that it forms under "common" quiescent conditions of densities of 10 4 −10 5 cm −3 , temperatures near 10 K and a standard cosmic ray field. Thus far, no line of sight has been observed to have CO 2 abundances of N CO2 /N H2O 0.15. However, the exact chemical pathway remains controversial. Possible routes to the formation of CO 2 are via the reactions:
Route 3 is often included as an important grain surface reaction (Tielens & Hagen 1982; Stantcheva & Herbst 2004 ), but has also been found in at least one study to possess a prohibitively large barrier .
However, a similar experiment by Roser et al. (2001) finds that the reaction proceeds with no or little barrier. It should be noted that it is expected that the barrier to route 3 is sensitive to the electronic state of the oxygen atoms, such that O( 1 S) may react much easier with CO than oxygen in the ground state O( 3 P ) (Fournier et al. 1979 ). The energy difference between these two states correspond to a red photon (6300Å), which will penetrate much deeper into dark clouds than the UV photons normally considered for photolysis reactions.
In some grain surface models, route 1 is used as a dominant reaction (Chang et al. 2007) .
It is also known that CO 2 can form with a low or nonexisting activation barrier through an electronically excited state of CO:
Obviously, this reaction requires that the CO molecule is excited, and was studied extensively in the context of UV photolysis (e.g. Gerakines et al. 1996; Loeffler et al. 2005) . However, Öberg et al. (2007b) finds no formation of CO 2 from CO in a ultra-high vacuum (UHV) UV irradiation experiment, which is much less contaminated by H 2 O than the previous high vacuum experiments. While this argues against route 4 as an effective pathway to CO 2 ice, electron irradiation does produce CO 2 from pure CO under UHV conditions (Jamieson et al. 2006) .
Consequently, the rates of most solid-state reactions leading to CO 2 are still controversial, and theoretical models have struggled to consistently reproduce the observed abundances. Based on existing observations, any model for the formation of CO 2 should be required to reproduce both the absolute abundance of CO 2 of 15-40% relative to water ice, as well as the apparent universality of this abundance. Additionally, the separate molecular environments of the CO 2 ice should also be explained, in particular the presence of CO 2 in both H 2 O-rich and CO-rich environments.
It is worth mentioning that CO accreted from the gasphase is not the only potential source for the carbon in CO 2 . Mennella et al. (2004) found that the carbon in hydrogenated carbon grains will form both CO and CO 2 when covered with a water ice mantle and subjected to cosmic rays. This is potentially a route to forming CO 2 embedded in a water ice matrix. However, having a different source of carbon for CO 2 formation than gas-phase CO must explain why the 12 C/ 13 C ratios of gas-phase CO, solid state CO and solid state CO 2 are all so similar to the Solar value of 89 (50-100 Boogert et al. 2000 Boogert et al. , 2002 Pontoppidan et al. 2003b) . In contrast, presolar carbonaceous grains have highly variable 12 C/ 13 C ratios with a tendency toward ratios a few to 100 times that of the Sun, although some have ratios as low as ∼1 (e.g. Lin et al. 2002; Croat et al. 2005 ). The question is whether such scatter is reflected in the ice isotopologue ratios if the carbonaceous grains are the source of carbon.
In the following, it is explored how the data presented here can help constrain the formation and evolution of CO 2 in the interstellar medium and in protostellar envelopes in particular.
6.2. Formation of the CO 2 :CO system Having established its existence, how can the presence of large amounts of CO 2 within the CO-dominated mantle be explained? Is there a connection with the freezeout of CO at densities higher than 10 5 cm −3 ? There is evidence from laboratory experiments that CO and CO 2 do not mix upon warmup of separately deposited layers (van Broekhuizen et al. 2006) , and the possibility that the CO 2 is formed directly as part of the CO mantle using the carbon of the CO accreted from the gas-phase is therefore explored. While a thick mantle of CO ice certainly offers a significant reservoir of carbon and oxygen for the formation of CO 2 , the breaking of the CO triple bond to form CO 2 directly from CO requires a significant energy input. The most direct way of providing a high input of energy in dense molecular clouds is via cosmic rays. The cosmic rays can hit the grains directly, but are also the dominant source of UV photons through their interaction with hydrogen molecules. A number of laboratory experiments have been performed simulating and comparing the formation of CO 2 from a pure CO ice through UV and cosmic ray irradiation (Gerakines & Moore 2001b; Loeffler et al. 2005; Jamieson et al. 2006) . Jamieson et al. (2006) showed that CO 2 can be formed from a pure CO ice layer during irradiation with a 5 keV electron beam simulating heavier and more energetic cosmic rays. The experiment converted 0.49% of the CO to CO 2 with a deposited energy of 5.8 × 10
16 MeV cm −3 , or 3.4 eV molecule −1 , assuming a CO ice density of 0.8 g cm −3 . This value can be put into the context of dense molecular clouds by estimating the time scale for depositing the same amount of energy to a CO ice mantle with a standard cosmic ray field. Following the approach of Shen et al. (2004) , the total deposited energy by the cosmic ray field per CO molecule per second is: (5) where m CO is the mass of a CO molecule and ρ CO is the density of CO ice. dQ/ds is the energy loss as the cosmic ray traverses a length, ds, through the CO ice and dn/dE is the cosmic ray flux spectrum, and finally, f Z is the fraction of the energy deposited that actually remains with the grain the rest being ejected in highly energetic electrons. Leger et al. (1985) estimate that f Z ∼ 0.6. The minimum cosmic ray energy, E min , is determined by the various factors that may drain energy from the particles. These include interactions with dust grains, with the molecular gas itself, as well as drag from magnetic fields. The importance of these effects depend sensitively on Z as well as the cosmic ray energy. Leger et al. (1985) showed that interactions with the gas only affects the cosmic ray spectrum at A V > 50 mag. However, dust can effectively stop low energy (< 100 MeV for iron) cosmic rays at A V < 10 mag, and that determines E min . For these assumptions, the energy deposited by cosmic rays in a CO ice mantle is 8 × 10 −14 eV molecule −1 s −1 , which means the Jamieson et al. (2006) experiment corresponds to roughly 350 yrs of cosmic ray irradiation or, assuming a constant rate of CO 2 formation, ∼ 3.5 × 10 4 yrs to convert 50% of the CO mantle to CO 2 . Although the input cosmic ray flux spectrum is very uncertain, especially at low energies, the conclusion is that it is plausible that cosmic rays can provide the necessary energy input to form the observed CO 2 :CO component. In this context, what is the implication of the presence of the "dilute" component discussed in Section 5.3.2? One possibility is that the CO ice with a low concentration of CO 2 is younger than the CO 2 :CO∼1:1 component. This would happen if the conversion of CO to CO 2 occurs at a constant rate. Jamieson et al. (2006) predicts the presence of a range of carbon oxide species in addition to CO 2 , of which the most abundant is C 3 O 2 . The quality of the Spitzer-IRS spectra allows a sensitive search for this molecule in the solid state through its modes at ∼ 18.5 µm, yet it is not clearly detected in any of the spectra presented here (see Section 5.5).
6.3. CO 2 as a temperature tracer CO 2 has been suggested to be a tracer of strong heating based on simulated annealing experiments in the laboratory to 100 K . The proposed mechanism is that the CO 2 segregates out of the hydrogen-bonding mixture with water and possibly CH 3 OH to produce inclusions of pure CO 2 . These inclusions in turn produce the characteristic double peak observed in many high mass YSOs. While the very high temperatures required for the segregation process in a laboratory setting probably correspond to somewhat lower temperatures on astronomical time scales, they are still well above the temperatures of 10-40 K that dominate the column densities through protostellar envelopes around low-mass stars. Thus, it seems surprising that many of the surveyed low-mass stars show a double peak. The decomposition and visual inspection of the spectra reveals that a pure CO 2 component is clearly detected in 18 of the 48 low-mass stars, or almost 40%.
At least one other mechanism to produce a pure CO 2 ice component exists. The existence of a ubiquitous CO 2 :CO component has been suggested before and is strengthened by the sample presented here. This component may also produce pure CO 2 through distillation. Upon warmup of a CO 2 :CO mixture the CO will desorb leaving the CO 2 behind, but will do so at much lower temperatures (20-30 K van Broekhuizen et al. 2006) .
One way of distinguishing this process with the formation of pure CO 2 via segregation is to calculate the fraction, P , of thermally processed icy material at temperatures above a certain critical temperature, T crit , along a given line of sight through a protostellar envelope. Clearly, T crit is expected to be much lower for the distillation process than for the segregation process. Assuming T is a monotonically decreasing function of radius, P is given by:
where R crit is the radius where T = T crit and R sub is the radius where the processed CO 2 ice sublimates. n CO2 is the density of the CO 2 component that is transformed to pure, crystalline CO 2 upon heating to T crit . The use of a critical temperature assumes that the process forming -Relation between the CO and CO 2 temperature tracers. The CO 2 temperature tracer is the ratio of the column density in the double peaked, pure CO 2 component relative to CO 2 in water. The CO temperature tracer is the amount of pure CO relative to CO trapped in water ice. Green points are low-mass YSOs, blue points are high-mass YSOs, and red points are upper limits on the CO 2 temperature tracer. The line is a fit to the low-mass YSOs.
pure CO 2 is a thermal process governed by some activation energy and described by an Arrhenius relation.
The first step is to estimate the value of T crit for the segregation process in water-rich ice. Because of the long time scales and low pressures in the interstellar medium compared to the short time time scales and high pressures of a laboratory experiment, it is not appropriate to apply the critical temperatures from the laboratory directly to an astrophysical problem. For a process not dependent on pressure, such as the segregation of CO 2 from a water matrix, the critical temperatures in the two settings are related via:
where E a is the activation energy in Kelvin, while τ astro and τ lab are the e-folding time scales of a given process in the interstellar medium and in the laboratory, respectively. Because E a is unknown, measurements of the laboratory time scale at two different temperatures are required. Unfortunately, the kinetics of the segregation process are not well known. From the experiment of Ehrenfreund et al. (1999) , a rough estimate can be made of τ lab ∼ 1 hr at 100 K and τ lab ∼ 1 min at 120 K. However, they use a tertiary CO 2 :H 2 O:CH 3 OH=1:1:1 mixture, which has a concentration of methanol much higher than that found in typical low-mass protostellar envelopes. Conversely, recent experiments with a binary CO 2 :H 2 O=1:4 mixture byÖberg et al. (2007a) show that the CO 2 bending mode double peak has formed already at 75 K on laboratory time scales of hours. Using a time scale of 10 5 yr, a typical time for the collapse front to reach the outer boundary of the protostellar core, the Ehrenfreund et al. values give E a ∼ 4900 K and T crit ≡ T astro ∼ 70 K. Boogert et al. (2000) find E a = 4900 and T crit = 77 K with similar assumptions. If it is instead assumed that T lab = 75 K for an efolding time scale of 1 hour, as indicated byÖberg et al. (2007a) , but the activation energy of 4900 K is retained, T crit ∼ 57 K. It is stressed that these values for T crit are educated guesses at best, and that quantitative kinetic laboratory experiments are needed to measure the actual value. In conclusion, T crit is taken in the range 60 to 80 K.
It is also important to note that the time a dust grain can be expected to spend at temperatures between, say, 70 and 90 K is much less than 10 5 years. In the simplest physical 1-dimensional model of an infalling envelope (Shu 1977) , a dust grain at the radii corresponding to such temperatures will be in free fall. The time scale for it passing through this region for a typical 1 M ⊙ young star is 75 years, which in turn will increase T crit for segregation to 78 K for the CH 3 OH-rich mixture. Using a 2-dimensional infall model that takes rotation into account will likely increase the infall time scale somewhat. The confidence of the value of T crit can obviously be improved significantly with a quantitative laboratory simulation coupled with a more detailed infall model.
A value for the desorption temperature, T sub , of the pure, crystalline CO 2 component formed by the segregation process is also needed. It is reasonable to expect the segregated CO 2 to be in the form of inclusions embedded in the water ice. The question is whether the CO 2 is trapped in the water or will be able to escape at temperatures lower than the interstellar water ice desorption temperature of 110 K (Fraser et al. 2001) . While the Ehrenfreund experiments retain the CO 2 inclusions until the water ice desorbs at 150 K, theÖberg et al. experiments find that bulk of the CO 2 ice desorbs at temperatures much lower than the water ice. This is consistent with the result of Collings et al. (2004) , who classified CO 2 as a molecule that is not easily trapped in a water ice matrix. The fact that the tertiary mixture Ehrenfreund experiment appears to retain the CO 2 to higher temperatures than the binary H 2 O mixtures may be related to the CH 3 OH changing the trapping properties of the matrix. along with In any case, to match the different experiments, an interstellar CO 2 desorption temperature of 110 K is assumed for the Ehrenfreund experiment, 60 K for theÖberg experiment and 50 K for the pure CO 2 layer produced by the distillation process of CO 2 :CO. The physical interpretation is that the methanol-rich ice traps the CO 2 ice until the water desorbs. The water-rich binary mixture only traps CO 2 to temperatures slightly higher than the desorption temperature of pure CO 2 in accordance with Collings et al. (2004) , while CO 2 :CO mixture obviously does not trap CO 2 at all. The next step is to choose a radial temperature and density structure that can be used to calculate P . While P is sensitive to a range of structural parameters for the envelope, the dominant one is the luminosity of the central source. It is beyond the scope of this paper to explore the parameter space of the structures of protostellar envelopes, but it is instructive to construct an example. For simplicity a static, one-dimensional powerlaw envelope (ρ(R) ∝ (R/R 0 ) −1.5 ) with A V of 50 mag and R 0 = 100 − 300 AU is assumed. Furthermore, it is assumed that the envelope is empty within R 0 . This is actually an envelope structure that favors a large P . More evolved envelopes dominated by infalling material to large radii will have a shallower density profile and thus more of the line of sight column density at larger radii. In this sense, the model P curves are upper limits. The dust temperature is calculated using the Monte Carlo code RADMC Dullemond & Dominik (2004) coupled with a dust opacity constructed to fit the extinction curve as measured using the c2d photometric catalogues (Pontoppidan et al., in prep.) . The resulting dust temperature at 100 AU varies from 40 to 1200 K for source luminosities of 0.1 to 10 5 L ⊙ . Figure 26 shows the observed values of P as a function of source luminosity compared to model curves for different values of T crit under the assumptions that the pure CO 2 originates either in the CO 2 :H 2 O component or in the CO:CO 2 component through the processes discussed above. The P -curves for both the Ehrenfreund et al. andÖberg et al. experiments are shown, as well as the curves expected for the formation of pure CO 2 through distillation of the CO 2 :CO component.
First, it is noted that P is not necessarily a monotonic increasing function with luminosity. This is because the evaporation of the pure CO 2 ice component in the innermost regions of the envelope where T > T sub competes with the formation of pure CO 2 at temperatures T crit < T < T sub . This is seen in Figure 26 as a turnover in the models as the luminosity increases. For higher power law indices of the envelope, the P -curves may even decrease with increasing luminosity.
Comparing the data points with the model curves, the results are as follows: Assuming a complete transformation of CO 2 mixed with water ice to pure CO 2 inclusions, the observed points are consistent with a critical temperature for this process of 50-70 K, depending on whether the Ehrenfreund et al. or theÖberg et al. experiments are considered. Conversely, assuming a conversion of CO 2 mixed with CO to pure CO 2 , a critical temperature of at most 25 K explains the highest observed P values toward low-mass stars. The measured values of P are very sensitive to the presence of cold foreground clouds contributing an unrelated column density, as well as the detailed structure of the inner envelope, in particular the arbitrary location of an inner edge at 100-300 AU. This has important consequences for the use of the the CO 2 bending mode as an astrophysical tracer. For instance, the models show that the double peak should have a roughly constant relative strength for sources with luminosities between a few and at least 10 3 L ⊙ . Therefore, if a source within that luminosity range shows no sign of a double peak, it is an indication of the presence of a significant contribution to the extinction from foreground material, unrelated to the protostellar envelope.
In conclusion, the splitting of the CO 2 bending mode toward low-mass protostars can be explained by segregation in strongly heated water-rich ices as described in Gerakines et al. (1999) only for protostellar envelopes with steep density density profiles extending all the way to 100 AU from the central star, and for concentrations of CH 3 OH much higher than the observed abundances. The experiments ofÖberg et al. (2007a) may also explain the data for such envelopes, but T crit is not well-defined for this experiment.
The resulting distribution of CO 2 ice in the different environments is sketched in Figure 27 .
DISCUSSION AND CONCLUSION
In this paper, a picture is presented in which the dominant ice components, H 2 O, CO 2 , CO and, in a limited number of cases, CH 3 OH appear to constitute an intimately connected system; the observational characteristics of each species are directly affected by the presence of the others. Other molecules act as trace constituents with abundances that are too low to significantly affect the profiles of the dominant species, i.e. other species did not have to be invoked to explain the observed band profiles. This is in contrast to the very complex 5-8 µm region discussed in Paper I.
The survey has shown that the CO 2 bending mode profiles toward low-luminosity (0.1 < L < 100 L ⊙ ), solartype YSOs do not differ strongly in their basic structure from those observed toward massive, luminous YSOs (L > 1000 L ⊙ ). All protostellar envelopes as well as quiescent molecular clouds probed by lines of sight toward background stars are dominated by CO 2 mixed with water with abundances of 20% relative to water ice, but with a significant additional contribution of 10% of CO 2 mixed with CO. The other components needed to explain the CO 2 bending mode are present with much smaller abundances, or a few % each with respect to water ice. While the CO 2 :H 2 O component might form from CO and OH via reaction (1), it is probable that, because of the lack of residual atomic hydrogen, the CO 2 :CO component forms through a different chemical route. Additionally, since the band profiles indicate that the CO 2 in this component can have concentrations of anything from 2:1 to less than 1:100 relative to CO, a variable effect highly sensitive to either the environment or age of the ice must play a role. Based on observations of a sample of background stars, Bergin et al. (2005) suggest that the formation of the CO 2 :CO component is related to the abundance of atomic oxygen relative to atomic hydrogen in the gas-phase and predict that it forms in low-density regions of the cloud. Observationally, this would produce CO and CO 2 profiles dominated by the CO 2 :CO∼1:1 component in low-density regions. It would also result in the CO 2 :CO layer being placed below the water-rich layer on each grain. In this case, the formation of pure CO 2 by the desorption of CO as proposed here would not work.
A different scenario is suggested in which the CO 2 :CO component is connected to the rapid freeze-out of pure CO at higher densities. This scenario is practically independent on the gas-phase chemistry, but requires a mechanism for forming CO 2 directly from CO. Such a mechanism will most likely involve a highly energetic input from cosmic rays; UV irradiation with λ > 1200Å will not work in the absence of water (Öberg et al. 2007b) . While the energy input from a standard cosmic ray field is likely sufficient, this process would also tend to form more complex carbon oxides in the ice. While these are are not detected in our Spitzer spectra, their absence is not strongly constraining, given that the molecular properties of their bands, such as strengths, are not well known.
It is confirmed that the CO 2 ice profile is an excellent Fig. 26 .-Fraction of pure CO 2 compared to models for different critical temperatures relevant for segregation (left) and CO desorption (right). In the models on the left and middle panels, an inner edge at 100 AU is used, while the models on the right panel fit better with an inner edge at 300 AU. The dots are the observed values for the subset of our sample that have measured luminosities from Berrilli et al. (1989) ; Ladd et al. (1993) ; Chen et al. (1995) ; Saraceno et al. (1996) ; Bontemps et al. (2001) ; Larsson et al. (2000) ; Kaas et al. (2004) ; Pontoppidan & Dullemond (2005) .
ice temperature tracer. Comparison with the stretching vibration band of solid CO shows that the CO 2 correlates well with the pure CO to CO:H 2 O ratio, an established ice temperature tracer. The observed differences between CO 2 bending mode profiles are consistent with differences in the fraction of the sight lines that have been heated above a certain threshold temperature, T crit , to produce a double-peaked profile. More luminous YSOs have generally had a larger fraction of their ice column densities at temperatures above T crit , but the prevalence of the characteristic double-peak shows that even the low-luminosity YSOs have thermally processed inner envelopes.
There are several possibilities for the value of T crit . For the massive YSOs, strong annealing of methanol-rich ices to temperatures higher than 100 K in a laboratory setting was invoked to explain the observed abundance of pure CO 2 ice by Gerakines et al. (1999) . It is suggested that this corresponds to T crit = 50−80 K under the conditions in collapsing protostellar envelopes. These are high temperatures that puts restrictions on the density structure of the protostellar envelopes in order to reproduce the observed abundances of pure CO 2 . Laboratory experiments measuring the kinetics of the annealing process in methanol-poor CO 2 :H 2 O ice mixtures will be needed to use this process in quantitative modeling of ice mantle processing.
It is therefore argued that the presence of a significant fraction of pure CO 2 toward so many of the low-mass YSOs in the survey indicates that another, lower temperature process may play a role. Our survey, as well as others, measure a significant fraction of the CO 2 ice mixed with CO, rather than with water. This mantle component will form a layer of pure CO 2 upon very moderate heating to T crit =20-30 K as the CO desorbs, leaving the CO 2 behind. This process has therefore the potential to create pure CO 2 by distillation rather than segregation. Note that the new observations presented here do not rule out that the segregation process is responsible for a significant fraction of the pure CO 2 in the sample of massive YSOs originally discussed in Gerakines et al. (1999) , in particular since less CO will be frozen out in the warm envelopes surrounding massive YSOs. The simple protostellar models presented here seem to indicate that both mechanisms for producing CO 2 in general contribute to the double-peak in low-mass young stellar objects.
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